The electric field of a light wave accumulates a phase shift as it passes through a focus. We show here how this effect, known as the Gouy phase, may be used to control the branching ratio of a unimolecular reaction when the products are formed with different numbers of photons. We demonstrate this control method for the ionization and dissociation of vinyl chloride, using absorption of 177 and 532 nm photons to induce a pair of interfering paths. Excellent agreement between the observed and calculated phase shift as a function of the axial coordinate of the laser focus indicates that fragmentation occurs via a ladder switching mechanism. The axial dependence of the modulation depth is evidence of loss of coherence at higher internal temperatures of the molecule.
I. INTRODUCTION
Enhancing the yield of a specific product of a chemical reaction by selectively breaking a bond in a polyatomic molecule has been a subject of fundamental interest for many years. One approach is to use laser radiation to excite specific bonds in the molecule. 1, 2 If vibrational coupling is strong, however, energy pumped into one chromophore is distributed among several bonds in the molecule, making it difficult to control the product distribution. One way to circumvent this problem is to exploit the coherence properties of the wave function that describes the internal degrees of freedom of the molecule. The core idea is to use coherent radiation to induce coherent motion of the reactant, so that by manipulating the properties of the electromagnetic field it is possible to control the dynamics of the molecule. Two strategies have been used for active control of a reaction, one in the frequency domain and the other in the time domain. In the frequency domain method, proposed and developed by Shapiro and Brumer, 3 a molecule is excited simultaneously via two pathways from an initial state to a common excited state. The transition amplitudes induced by the light waves interfere with one another, so that variation of the relative phase of these probability amplitudes modulates the population of the excited state. This method, analogous to Young's two-slit experiment, is referred to as coherent phase control. In the time domain approach, 4 a very short burst of light creates a wave packet of excited states. By tailoring the shape of the light pulse, the experimenter is able to guide the wave packet to the desired product state.
In the Brumer-Shapiro method, if the molecule absorbs n photons of frequency m and m photons of frequency n , such that n m = m n , the total probability of obtaining product S is given by 5 P S = P m S + P n S + 2P mn
The interference term is given by the integral where ͉g͘ is the ground state, ͉E − , S , k͘ is the excited continuum state, E and k are the energy and momentum of the excited state, the minus sign in E − designates an incoming scattering state, 3 and D ͑j͒ is the j-photon transition dipole operator. The phase of this term consists of a spatial component, ␦ sp , which is a property of the radiation field ͑contained in the D ͑j͒ ͒, and a molecular component, sp , which depends on the electronic structure of the product. 7 The channel phase ͑also known as the molecular phase͒ may arise from coupling of electronic continua, 7 from a resonant state embedded in the continuum, 8 and from an intermediate resonant state ͑which contributes to the denominator of D ͑j͒ ͒.
9 Because ␦ mn S is channel dependent, it is possible to control the product distribution by manipulating sp . The spatial phase difference between the m-and n-photon fields comes from three sources, given by the terms in the equation
The first term is the difference between the constant parts of the phases of the electric fields. This component of the phase may be manipulated by varying the optical density at the two frequencies, either by physically altering the relative path lengths of the two laser beams or by varying the refractive index of the propagating medium. 10 The second term arises from the axial phase of the electric field, where z is its axial coordinate and k j is the wave number. This term normally vanishes because k j = j / c, where c is the speed of light in a vacuum. The last term is the Gouy phase,
where z R is the Rayleigh range of the focused laser.
13
The Gouy phase arises from the increased phase velocity along the path of the focused laser beam, as compared with the phase along the geometric path that passes through the focal point.
14 Until recently, the contribution of the Gouy phase to coherent control was neglected, presumably because the same number of photons is absorbed in the different channels ͑n in one path and m in the other for each channel͒, thereby introducing equal contributions to ͑z͒. Moreover, the contribution of the Gouy phase, which is an odd function of z, vanishes upon averaging over the reaction volume when the laser is focused onto the symmetry axis of the target. Neither of these conditions, however, is required for control. Suppose the laser is focused at a distance z m from the axis of a molecular beam. If one product is formed after absorption of n photons of frequency m and m photons of frequency n , while a second product is formed only after absorption of l additional photons of either frequency, the net contribution of the Gouy phase will be different for the two product channels at z m 0. This effect may be exploited to control the branching ratio by breaking the z symmetry, e.g. by exciting the reactants away from the axis of the molecular beam. Coherent phase control still occurs because of interference between the m n and n m paths, but the absorption of l additional photons in one of the reaction channels makes the contribution of the Gouy phase channel specific.
We recently demonstrated that the Gouy phase may be used to control the branching ratio for products formed at different total energies. In a preliminary publication 15 ͑here-after referred to as paper I͒, we reported the observation of sizable phase lags between the five-photon ionization and the three-photon dissociation of vinyl chloride ͑CH 2 = CHCl, VCl͒. This enhanced phase lag was shown to be in quantitative agreement with calculations using a formalism developed in a second paper 16 ͑referred to here as paper II͒. In the present paper, we elaborate on the experimental details of study I, and present a more detailed comparison of experiment and theory.
II. EXPERIMENTAL
The coherent phase control experiments were performed in a molecular beam apparatus, similar to that used previously. 17 We elaborate only on the changes made specifically for this study. A schematic drawing of the setup is shown in Fig. 1 . In this apparatus, the sample gas was introduced into a vacuum chamber using a pulsed molecular beam valve having a 0.8 mm orifice. The laser beams used to control the reaction intersected the molecular beam at a right angle, 3.4 cm from the nozzle orifice. Lower energy photons than those used previously in this laboratory were required in order to access low-lying neutral fragmentation channels. Here, the 532 nm second harmonic of a Nd:YAG laser ͑Continuum Surelite-1, 10 Hz, 4 ns pulse width͒ was frequency tripled in a homemade Hg oven, depicted in Fig. 2 . The oven consists of an entrance arm fitted with a quartz window, a central chamber containing a Hg reservoir, and an exit arm fitted with a LiF window. The components were machined out of stainless steel 304 and welded together, with an overall length of 39.4 cm. The reservoir was charged with 2 -3 ml of redistilled mercury. A 400 W disk heater sheath ͑McMaster-Carr 3559K23͒ was attached to the bottom of the reservoir, and a 1.5 m rope heater ͑Omegalux, FGR-060͒ was wrapped around the reservoir to provide uniform heating. A thermocouple ͑labeled TC in Fig. 2͒ was placed inside a tube welded above the reservoir and was sealed with a Cajon connector. Several measures were taken to protect the windows from hot Hg vapor. First, stainless steel 304 baffles were placed in the arms of the oven to prevent the vapors from traveling towards the windows. Second, a He buffer gas flowed through the oven, entering through inlets located FIG. 1. Schematic drawing of the apparatus. Components of the vacuum chamber and gas handling system include the pulsed nozzle ͑N͒, sample line ͑SL͒, diffusion pump ͑DP͒, and turbomolecular pump ͑TP͒. Components of the ion optics and detector include an Einzel lens ͑EL͒, deflection plates ͑P͒, and a microchannel plate ͑MCP͒. The laser and optics include a second harmonic generating crystal ͑SHG͒, mercury oven ͑Ov͒, phase tuning cell ͑TC͒, and an actuator for the motorized mirror ͑A͒. Electronic components include an actuator controller ͑C͒, nozzle controller ͑D͒, computer ͑PC͒, computer interface ͑CI͒, boxcar integrator ͑B͒, preamplifier ͑PA͒, delay generator ͑DG͒, and oscilloscope ͑Os͒.
FIG. 2. Drawing of the mercury oven.
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close to the two windows and exiting through an outlet fitted to the thermocouple tube. Third, water jackets cooled the arms of the oven, localizing the Hg vapor accumulated just above the reservoir. The intensity of the 532 nm beam was adjusted using a combination of a half-wave plate and a thin film polarizer. Typical pulse energies were 24-29 mJ. The laser beam was focused into the Hg oven with a 25.4 cm focal length planoconvex lens. The intensity of the 177 nm beam generated in the oven was adjusted by varying the Hg temperature. Typical temperatures were 119-121°C, which produced a Hg pressure of 10-12 Torr. The relative phase of the 532 and 177 nm beams was adjusted by passing them through a cell filled with hydrogen gas. The copropagating UV and visible laser beams passed through a LiF window mounted on the oven and entered the phase tuning cell. Two UV-enhanced aluminum coated spherical mirrors ͑Acton No. 1900͒ mounted inside the tuning cell focused the beams onto the molecular beam, after passing through another LiF entrance window. The two mirrors were positioned in an off-axis configuration with a folding angle of = 5.5Ϯ 0.5°, as shown in Fig. 3 . This configuration produces two astigmatic foci, discussed further in the following sections. The second of these mirrors was mounted on a computer-controlled translation stage having submicron spatial resolution. Translation of this mirror by a distance ⌬z m results in a corresponding translation of the focal point of the laser beams by a distance ⌬z m normal to the molecular beam axis.
The reaction products were detected with a time-of-flight mass spectrometer. Up to three ion signals were recorded simultaneously using separate boxcar signal integrators ͑Stanford Research 250͒ having gate widths of 25-30 ns. The weaker ion peaks were preamplified ͑Stanford Research SR445A͒. Each data point is an average of 300 to 1000 laser shots. Figure 4 shows the time-of-flight mass spectrum obtained by exciting VCl with the 532 nm beam. The most intense peak corresponds to the vinyl radical ion, C 2 H 3 + , which, as will be shown later, is produced by fragmentation of neutral VCl. This peak and the parent ion were used in most of the experiments described below. Figure 5 shows the intensity dependence of the two ion signals. A power law exponent of s = 4.5Ϯ 0.3 for VCl + is consistent with fivephoton ionization of VCl ͑IP= 10.00 eV͒. For C 2 H 3 + , a value of s = 5.4Ϯ 0.2 was measured. Inasmuch as seven photons are required to produce this product, some saturation must occur in the dissociation and/or ionization steps.
III. RESULTS
Great care was taken to locate the molecular beam axis relative to the laser beam foci, which serves as the reference point for analyzing the contribution of the Gouy phase to the phase lag. Figure 6 is the average of ten z scans of the C 2 H 3 + signal, obtained by translating the second focusing mirror. Two peaks of unequal width and height were observed, which are characteristic of astigmatic focusing. 18 Most of the 
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Phase control experiments were performed with the Hg oven heated to approximately 120°C, such that the C 2 H 3 + signal produced by both the 532 and 177 nm beams was approximately double that obtained with 532 nm alone. Initial experiments were performed with the laser focus centered on the molecular beam axis. Strong modulations were observed for VCl + , C 2 H 3 + , C 2 H 2 + , HCl + , and Cl + . Typical modulation scans, obtained by varying the hydrogen pressure p in the tuning cell, are shown in Fig. 7 . The points are averages of 300 laser shots, and the solid curve are a least squares fit of a sine function,
for product S, where the frequency of the oscillations f is determined by the refractive index of the dispersive gas in the tuning cell ͑H 2 ͒. The phase lag between any pair of products, A and B, is defined as 19 ⌬␦͑A,B͒ = ␦ 13 A − ␦ 13
B . ͑6͒
The modulation depth M S given by
is listed in Table I We also measured the modulation depth as a function of z m for VCl + , C 2 H 3 + , and HCl + , shown in Fig. 10 . The data for C 2 H 3 + and HCl + show a decline in modulation depth away from the axis of the molecular beam. For VCl + , the signal was too weak to discern any clear dependence of the phase lag on axial position. Figure 11 shows the ratio of VCl + to C 2 H 3 + , illustrating how the Gouy phase may be used to control the branching ratio. At z m = 0, there is almost no control because the modulation depths of the two products are equal within experimental error, and the channel phase lag is nearly zero. In contrast, at z m = Ϯ 441.6 m, there is a significant amount of control because of the large Gouy phase lag, even though M falls off away from the molecular beam axis.
IV. DISCUSSION
We begin this discussion with an analysis of the laser and molecular beam profiles, which are needed to calculate the Gouy contribution to the phase lag. We next use this information to analyze the phase lags and modulation depths and attempt to extract from them a deeper understanding of the control mechanism.
A. Beam profiles
The off-axis configuration of the focusing mirrors in the tuning cell produces two astigmatic foci of the laser. Denoting the propagation direction of the laser by z, the molecular beam axis by y, and the time-of flight-axis by x, the sagittal focus is an ellipse with its major axis of length 2w 0y along the y direction, and the tangential focus is an ellipse with its major axis of length 2w 0x along the x direction. ͑See Fig. 3 .͒ The electric field is given by 13   FIG. 9 . Phase lag between the parent and vinyl ion modulation curves. The curves are calculated phase lags for two extreme values of the folding angle , assuming that the vinyl radical is produced with three 532 nm photons and the parent ion is produced with five photons.
FIG. 10. Modulation depth as a function of axial position of the laser focus.
The solid and dashed curves were calculated using the experimental focal parameters of the laser beam and the fitted Gaussian radius of the molecular beam. The curve labeled l = 0 refers to fragmentation after absorption of three 1 photons, and the l = 2 curve refers to ionization of the parent molecule after absorption of five 1 photons. The dotted curve is a drawn to guide the eye.
FIG. 11.
Product ratio as a function of pressure in the tuning cell for three locations of the laser focus. The data are normalized so that I 0 S = 1 in Eq. ͑5͒. The smooth curves are the ratio of the sine functions fitted to the two sets of data.
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E͑x,y,z͒
͑8͒
where
for ␣ = x or y, and z R␣ are the Rayleigh ranges along the x and y axes. The observed molecular beam profile may be calculated by convoluting E͑x , y , z͒ with the spatial distribution function of the molecular beam. We assume a power law of order s for the ionization efficiency of the detected species and a Gaussian molecular beam profile with radius R mb . Integrating over x and y analytically, we obtain for the detected signal
d is the separation between the foci, and C is a constant.
As noted previously, translation of the focusing mirror by a distance ⌬z m results in a shift of the focal point by a corresponding distance ⌬z m . We experimentally determined the scale factor to be ⌬z m / ⌬z m = 4.0Ϯ 0.4. Using the ABCD matrix ray-tracing method, 13, 20 we calculated the scale factor to be 3.5 for a folding angle of 5.5°. This method was also used to calculate the focal radii w 0␣ and the slopes S ␣ . Setting = 5.5°and treating s and R mb as adjustable parameters, we obtained the least squares fit of the beam profile for C 2 H 3 + ions shown in Fig. 6 , with s = 3.58 and R mb = 385 m. The empirical value of s = 5.5 shown in Fig. 5 predicts a much larger ratio of peak heights than observed. The fitted value of s could be brought into agreement with experiment by setting = 8.3°. This value, however, is outside of the experimental uncertainty in . The reason for the discrepancy is unknown, but it could possibly be caused by different ion collection efficiencies for the two foci, one of which points along the detector axis and the other perpendicular to it. In the subsequent analysis, we use = 5.5Ϯ 0.5°for calculating the laser beam profile.
B. Coherent control of vinyl chloride
A slice of the potential energy surfaces for VCl along the C-Cl coordinate is shown schematically in Fig. 12 . As depicted by the vertical arrows, three 532 nm photons and one 177 nm photon excite the molecule to a quasibound intermediate state. The electronically excited intermediate is in the lowest excited singlet state, 1 AЈ͑ , * ͒. 21 This species either predissociates rapidly via the 1 AЉ͑ , * ͒ state to yield C 2 H 3 + Cl, 22 or internally converts to the ground state, where it dissociates into C 2 H 2 + HCl. 23 The neutral fragments are subsequently ionized by absorption of 4-6 additional 532 nm photons. The excited intermediate may also absorb two additional 532 nm photons to yield the parent ion, which may, in turn, absorb additional photons to yield fragment ions. 24 The phase lags measured at z m = 0 provide some clues to the reaction mechanism. Observation of a nonzero phase lag is a sufficient, though not a necessary, condition for deducing that two species are produced by competing reaction paths. Our observation of ⌬␦͑VCl + ,C 2 H 3 + ͒ 0 is therefore proof that at least some fraction of these products are formed by coherent control of ladder climbing versus ladder switching paths. In other words, if C 2 H 3 + were produced by fragmentation of VCl + , the phase lag would be zero. Further, our observation of ⌬␦͑C 2 H 3 + ,Cl + ͒ = 0 is evidence, though not proof, that C 2 H 3 + and Cl + are formed from a common precursor.
Likewise, our observation of ␦͑C 2 H 3 + ,C 2 H 2 + ͒ = 0 is evidence that C 2 H 3 + and C 2 H 2 + are produced by sequential, incoherent fragmentation.
It was shown that a sufficient condition for a nonvanishing channel phase is that the state reached by two coherent paths be coupled to a continuum, either as a discrete state embedded in a continuum or as a continuum state inelastically coupled to a second continuum. 6 This condition is satisfied here inasmuch as the initially excited 1 AЈ͑ , * ͒ state is coupled to the 1 AЉ͑ , * ͒ state in a twisted configuration 25, 26 and to the continuum region of the ground state ͑see Fig. 12͒ . Coupling to the 1 AЉ͑ ,3s͒, 3 AЉ͑ , * ͒, and 3 AЉ͑ , * ͒ states is also possible.
22,27
Ionization of the parent molecule is caused by absorption of either five visible ͑532 nm͒ photons or one UV ͑177 nm͒ photon plus two visible photons. The cross term arising from interference between these two paths is given by
where ͉i͘ is the intermediate * state and ͉E − , S , k͘ is the ionization scattering state. The phases of the two matrix elements containing D ͑2͒ cancel, so that the phase of the entire integrand comes from the one-and three-photon transitions to ͉i͘. Although there need not be a channel phase associated with the ionization reaction, a phase lag between VCl + and C 2 H 3 + can still result from the channel phase in the dissociation reaction discussed in the previous paragraph.
We turn now to the contribution of the Gouy phase. The necessary conditions for the Gouy phase to contribute to a phase lag between a pair of products are that the reactions occur on different energy shells and that axial symmetry is broken by focusing the laser at z m 0. These conditions are satisfied for 5 1 ionization versus 3 1 dissociation of VCl. The larger number of photons required for ionization, as shown in Fig. 12 , implies that the ionic and neutral products have different spatial distributions within the Gaussian focus of the laser beam. By sampling different regions along the axis of the laser beam, it is possible to utilize the spatial phase of the laser to control the branching between ionization and neutral fragmentation.
The value of the spatial phase is readily evaluated by inserting the expression for the electric field ͓Eq. ͑8͔͒ into Eq. ͑2͒ and integrating over all spatial coordinates. A simple closed form expression was derived in paper II for the model of a spherical focus and a rectangular molecular beam profile. A more exact evaluation may be obtained by using the astigmatic focal parameters of the laser beam and the deconvoluted spatial distribution function of the molecular beam. The results shown by the curves in Fig. 9 are in excellent agreement with the data. These curves show the spread in values arising from the uncertainty of the folding angle of the focusing mirrors. These calculations confirm that the fragments are formed by photodissociation of the neutral parent molecule. If control of the fragmentation process somehow required prior ionization of the parent molecule, the sign of the phase lags would be reversed because more photons would be involved in control of dissociation ͑l =3͒ than of ionization ͑l =2͒. A further point of interest is that the additional photons required to ionize the neutral fragments do not affect the spatial phase. These photons do not contribute to the interference term because they are absorbed at some random time after the control step is completed.
Although the modulation depth M also contains potentially useful information, it is usually neglected, partly because averaging along the axial coordinate reduces M, making its quantitative interpretation difficult unless the laser beam profile is well characterized. Measurement of M as a function of z m , however, provides an extra degree of freedom that facilitates comparison with theory. The solid and dashed curves in Fig. 10 depict the modulation depth expected if the relative intensity of the two laser beams is adjusted to maximize M at z m =0. ͑See paper II for a discussion of how this is done.͒ The curve labeled l = 0 is for products formed at energy E =3ប 1 ͑i.e., C 2 H 3 and HCl͒, and the curve labeled l = 2 is for the parent ion formed at energy E =5ប 1 . The latter curve was calculated assuming that the relative intensities were optimized for the 3 1 products. 16 The slight asymmetry of these curves is a perturbation caused by the tangential focus. In this calculation, the ratio of dipole matrix elements,
was set equal to unity.
The observed values of M͑z m =0͒ for the three ions are 2-4 times smaller than the calculated values. Because M is proportional to D, it is difficult to say how much of this discrepancy is due to a value of D Ͻ 1 and how much is caused by coherence-related effects. A clue is provided, however, by the axial dependence of M͑z m ͒. For l = 0, the theoretical curve has a shallow minimum near z m = 0 and rises sharply for ͉z m ͉ Ͼ R mb , whereas the experimental points for the fragments? It is unlikely to be related to the coherence of the laser fields, inasmuch as they retain their coherence over a distance of meters. The variation of the gas density with respect to z m is also not a candidate, inasmuch as the absorption is linear even at z m = 0. An intriguing possibility is that a loss of coherence is caused by a spatial variation of the internal temperature of the molecules. Batista and Brumer 28 showed that for a molecule having many vibrational modes, control depends on the dynamics of a small subcomponent of the molecule while the other degrees of freedom serve as a bath that causes decoherence of the molecular motion. The extent of decoherence caused by such mode coupling should increase with vibrational temperature. We expect that the temperature is lowest along the beam axis, in which case the decoherence for ͉z m ͉ Ͼ 0 is associated with an increasing internal temperature of the molecules.
It is unlikely that the small values of M͑z m =0͒ are due entirely to D Ͻ 1. Reduced coherence could be caused by coupling of the reaction coordinate to other modes of the molecule, 28, 29 as well as by averaging of the channel phase over the product state distribution. The observed 20%-40% modulation depths ͑Table I͒ show that the anticipated loss of coherence does not vitiate the possibility of controlling complex molecules. This result is perhaps less surprising for C-Cl cleavage, ϳ80% of which occurs very rapidly on an antibonding potential energy surface, 23, 30, 31 as compared with HCl elimination, which occurs only after internal conversion. 31 Nevertheless, even for C-Cl cleavage, the dynamics is sufficiently complex that one might have expected a significant loss of coherence. At 193 nm, 23.5% of the Cl atoms are produced in the 2 P 3/2 spin-orbit state on the , * surface, 18.5% in the 2 P 3/2 state on the ground surface, 20.5% in the 2 P 1/2 state on the , * surface, and 2.5% in the 2 P 1/2 state on the ground surface. 27 Even stronger mode coupling is expected for HCl, which is produced at 193 nm in a very broad, nonstatistical distribution of vibrational and rotational states 32, 33 by a combination of three-and four-center elimination reactions, [33] [34] [35] after internal conversion to the ground state.
In conclusion, we have shown that the Gouy phase can be a useful tool for controlling chemical reactions and interpreting their mechanisms. Because it is an asymmetric function of the axial coordinate, the Gouy phase contributes to the phase lag when the laser focus or the detector field of view is displaced from the target center. A further necessary condition is that the controlled products lie on different energy shells. In the example of vinyl chloride, excellent agreement between theory and experiment for the phase lag between ionization and dissociation is evidence of a ladder switching mechanism in which the neutral parent molecule fragments after absorption of either three visible or one UV photon. The axial dependence of the modulation depth suggests a loss of coherence of the reaction products in the wings of the molecular beam profile, where the internal temperature of the molecules is likely to be higher than along the beam axis.
